Oxides of nitrogen (NO x ) and carbon (II) oxide (CO) emissions from engine running on pure biodiesel constitute one of the environmental challenges to its application as fuel. Verifying their sources and production pattern is an essential first step to tackling the challenge. 100% biodiesel derived from moringa, jatropha and waste oil along with petroleum diesel were evaluated in a single cylinder diesel engine. It was observed that oxygen concentration and combustion temperature are the primary drivers of a kinetically determined process. NO x emission trended with Zeldovich mechanism prediction and thus increases with increasing O 2 concentration and temperature. CO 2 dissociation at elevated combustion temperature in a suppressed O 2 concentration regime governs CO production for normal diesel running at high load but, low temperature and high viscosity account for same effect in biodiesel runs. CO therefore increases with increasing temperature and decreasing O 2 concentrations for petroleum diesel but for biodiesel, the reverse is the case. Novel exhaust gas recirculation (EGR) and low temperature combustion (LTC) engine therefore holds the key to unlocking biodiesel potential and remediating some of the difficulties observed with petroleum diesel.
Introduction
In the face of a dwindling petroleum reserve, accelerating demand and stricter regulation against unmitigated emission, biodiesel has emerged as an energy source in the transport subsector with the potential to provide some measure of respite. Biodiesel, an alternative to diesel, is a free fatty acid methyl ester, derived from vegetable oil or animal fats. It is renewable, biodegradable and oxygenated. It has the potential to be universally accessible and a capacity to promote inclusive growth in sub-Saharan Africa. Extensive experimental work done on biodiesel performance and emission in diesel engine has revealed mixed results. It has been commonly reported that the use of 100% biodiesel or its blend with petroleum diesel generally leads to drops in brake thermal efficiency (BTE), increase in fuel consumption and a reduction in indicated mean effective pressure. And the reasons given for these changes has been biodiesel's lower heating value, higher viscosity and density (Xue et al., 2011) . In term of emission, the use of biodiesel or its blends has resulted in varying degree of reduction in carbon monoxide (CO), particulate matter (PM), total hydrocarbon (THC), Aromatics and sulphur oxides (SO 2 ). Increases in NO x , acetaldehyde and propionaldehyde along with reduction in formaldehyde were also reported (Shi et al., 2006) .
Increasing NO x emission when biodiesel or its blend is used as fuel in diesel engine and the increased emission of CO at idle to low load for biodiesel has been a source of concern (Ashrafur Rahman et al., 2014) . The former because of emission regulation and, the later because it is an indication of inefficient combustion. In investigating these challenges, it has been observed that fuel chemistry, engine configuration and test environment/condition are some of the factors that govern those emissions. Computational work to some degree has advanced this knowledge appreciably. But for high fidelity model to be developed, more experimental data from a diverse range of biodiesel source, with different engine types and test cycle regime needs to be investigated to enhance the coupling of the predominant kinetic mechanism that fully describe the emission trend. This is important, in view of the increasingly stringent regulation governing emission in various jurisdiction, e.g., Japan and the USA, have finalised regulation for the next five to ten years which require that heavy duty engine NO x emission be pegged at 0.7 g/kWh (2009 start year) and 0.20 g/kWh (2010 start year) respectively, for light duty, US, EPA pegged NO x emission at 9.3 g/kWh and CO at 8 g/kWh while the in the EU, it is 9.2 g/kWh and 5.0-6.5 g/kWh respectively (Johnson, 2008; European Commission, 1999 , 2003 EPA, 2004) . A critical first step to understanding, and subsequently, mitigating this emission and aligning them to standard is the development of models that accurately predict and account for emission pattern for a wide variety of biodiesel source. Experimental data assist in pointing the direction for this theoretical work and provide means of validation as well (Office of Science, US Department of Energy, 2006) .
Between 2004 and 2007 an estimated increase in edible oils production of 6.6 million tons was observed globally, 34% of this increase was attributed to biodiesel use. An approximately 7.8 million hectares were used to provide biodiesel feedstock in four major producing region of Argentina, Brazil, USA and EU (Sigar et al., 2009) . Any progress in dismantling obstacle to the widespread use of biodiesel creates opportunity for sub-Sahara Africa to leverage its niche in biodiesel production. Africa's landmass, population, and economic challenges suggest that biodiesel derived from non-edible source could potentially open up new source of energy. In addition, biodiesel production could strengthen food security and enhances the building of a sustainable urban ecosystem, invariably leading to energy self-sufficiency. By 2030 Africa's population is projected to reach 1.5 billion, 748 million representing 53.5% of this population will live in urban centres (Mubila, 2012; Cohen, 2006) . A close look at the population data suggest a strong shift in favour of younger demographics indicating heighten energy demand with accruing opportunity for economic growth. Moringa, Jatropha and waste oil are some of biodiesel source that represent these opportunities. This work involve the evaluation of biodiesel performance and emission compared to diesel with specific focus on the emission pattern of NO x and CO in the test cycle.
Experimental methods

Oxides of nitrogen (NO x )
Production mechanisms in diesel engine are varied and depend on a number of factors. The mechanism includes; thermal NO mechanism, intermediate N 2 O mechanism, NNH mechanism and NO 2 mechanism. The thermal NO mechanism is described by the extended Zeldovich mechanism which consist of three reactions.
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This mechanism dominates at temperature greater than 1,800 K in fuel lean environment (Seitzman, 2012) . It takes longer residence time (mostly post flame gases) and higher oxygen normally correlates to higher NO production rate. The extended Zeldovich mechanism was used to describe the NO x production and data which correlate with the mechanism suggested that NO production in diesel engine takes place in the burnt gas stage and, the important parameter that govern the rate are the gas temperature and the equivalent ratio (air/fuel ratio) (Brakora and Reitz, 2010) . It was further stated that fuel composition plays little part in the process, hence to reduce NO emission, the engine should be run rich or peak temperature should be reduced. The latter could be achieved by low compression ratio, exhaust gas recirculation (EGR) or water injection. Using the extended Zeldovich mechanism, a correlation was established between NO production rate, oxygen concentration and temperature.
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The correlations showed the strong dependence of NO production rate on temperature in the exponential terms. 
This mechanism requires a medium to high activation energy. It prevails at low temperature, fuel lean (∅ < 0.8) system, high pressure. The NNH mechanism prevails in a hydrogen rich environment and is most common with H 2 -air flames. It includes two reactions (Seitzman, 2012) :
NH normally leads to NO. NNH mechanism is most common when the temperature exceeds 2,200 K at stoichiometric to rich mix with low residence time system (mostly H 2 flame). The prompt mechanism can occur in any of the aforementioned mechanism from attack on N 2 /O 2 via radicals containing only N, O, H nuclear. The mechanism sufficiently describes NO formation for wet air and hydrogen combustion. The general scheme is that CH X (CH, CH 2 or CH 3 ) radical react with molecular nitrogen to form hydrogen cyanide (HCN) subsequent to which NO is formed through various intermediaries. The prompt mechanism thrives in a slightly fuel rich (∅ < 1.2), low pressure flame zone. Majority of work done on biodiesel reported substantial drop in carbon monoxide emission when biodiesel replace diesel as fuel in compression ignition engine (Karabektas, 2009; Utlu and Kocak, 2008; Ozgunay et al., 2007) . This was attributed to the oxygenated nature and the higher cetane number of biodiesel. CO was also found to decrease with increasing load in biodiesel driven engines. The obvious explanation for this was that increasing combustion temperature led to a more complete combustion during the high load regime. Some works also reveal that CO emission was only lower in the intermediate load, but higher in idle load and peak load (Arraretto et al., 2004; Raheman, 2004) .
It has been established that analysis based on chemical equilibrium alone does not explain most emission pattern observed with diesel engine. If that had been the case, CO emissions from biodiesel run engine would have been negligible at all loading condition. It has been pointed out that had the assumption that the major energy producing reaction involving C-O-H systems been in thermodynamic equilibrium near peak cylinder temperature, the level of CO emission would have been negligible (Keck, 1970) . It was suggested that boundary aerodynamic, gas dissociation and recombination all controlled by thermal gradient and cooling speed post flame plays significant parts in CO emission level. A rate controlled partial equilibrium method was developed to tackle these challenges. The conclusion drawn from these studies is that CO emission from both biodiesel and diesel driven engine extend beyond fuel chemistry and that experimental data for a wide range of biodiesel source and engine types are needed to test the validity of the various models being proposed.
Materials and methods
Test sample preparation
Seeds of Moringa and Jatropha were collected and oil extraction was achieved via two method, soaking and soxhlet. Three solvents were employed to determine optimal yield. The solvent were petroleum either, normal hexane (n-hexane) and distilled gasoline (which was used as a wild card). For every 150 g of pulverised, oven dried sample, 400 ml of solvent was used for soaking and 600 ml of soxhlet extraction. The waste oil (yellow grease) biodiesel was processed from use Grand cereal oil originally extracted from soybeans. A series of physicochemical properties of the oil where determined. They include; density, viscosity, pour and cloud point, iodine and value, refractive index, flash point, free fatty acid (FFA) value, saponification and peroxide value details of the oil and resulting biodiesel properties are given in Table 1 . 
Test engine setup
The test rig consist of a single cylinder, four stroke, and air cooled TD111 Tecquipment direct injection diesel engine, a hydraulic dynamometer (TD111) accessorised with various engine measuring devices. The system schematic set up is shown in Figure 1 and equipment details in Table 2 . A hydraulic dynamometer TD 115 also from tecquipment with water flow 6-12 m head was used to measure the torque which is displayed on the instrument display panel TD114. TD114 also displays the engine speed, exhaust temperature, air flow and the fuel flow pipette which measures the fuel flow rate. Measurement input signals are received from the test bed via tachometer connector, thermocouple terminal, torque transducers and manometer tapping from the air bag. The engine speed is measured electronically by a pulse counting system. An optical head mounted on the dynamometer chassis contain an infrared transmitter and receiver. A rotating disc with radial slot is situated between the optical sources and the sensor. As the engine and slotted disc rotates the beam is interrupted. Engine torque is measured by the TD115 hydraulic dynamometer and transmitted to a torque metre located on the TD114 instrument unit. A linear calibration of the torque metre is checked intermittently to confirm accuracy of the dataset via an eight step process on the equipment manual (Techquipment, 2003) . The exhaust gas temperature (EGT) is measured with a chrome/alumina thermocouple located in a 1/8"BSP union brazed into the exhaust lock of the engine. Colour coded leads from the thermocouple are connected to terminal underneath the TD114 instrumentation unit. 
Test procedure
The test engine is a 3.5 kw rated, direct injection (DI), single cylinder diesel engine. Selected test speeds were 1,800, 2,500 and 3,600 rpm. Each test cycle at selected torque consist of running the engine for 1 minute at idle speed and 9 minute at selected load in accordance with test cycle G3 of ISO 8178-4 (European Commission, 1999). The engine rated power was taken as 100% load. The test cycle were repeated for 20%, 40%, 60% and 80% load. This test cycle procedure was followed for petroleum diesel, Jatropha, Moringa and waste oil biodiesel. The SV-5Q exhaust gas analyser, in accordance with ND112 (non-dispersive infra-red) method utilise via micro computer analysis, to measure the thickness of HC, CO and CO 2 in the exhaust gas and to inspect the density of NO x and O 2 via Electrochemical sensor. The excess air coefficient, λ was also computed automatically by the analyser. The sampling probe was installed in the exhaust line where gas could be drawn through a filter into the analyser. Thermometer tube extends from the back of the filter to the sample gas vent of the analyser. Leak check to ensure there was no leakage was conducted subsequently; auto-zeroing procedure was initiated to prepare the analyser for actual measurement. HC and NO x are measured in ppm while CO, CO 2 and O 2 are measured in percentages. The filter packing is replaced at the end of every test cycle and the weight difference between used and unused packing noted to compute average PM emission per test cycle. A weighting device with 1 micrograms resolution was used to weigh the filter pack. Given the standard measure stipulated by ISO 8178-4, it was necessary to convert the emission measured in percentages (%) and part per million (ppm) measurement into g/kWh using the air and fuel flow method (Cornell, 2015) . Details of the correlations are given: 
Test environment
The test location is on latitude 10° 18' 57" N and longitude 09° 50' 39" E at an elevation of 2,021 ft (616 m). The prevailing ambient temperature at the time of the test ranges between 30-33°C and the relative humidity between 71-75%. Recorded atmospheric pressure was 92 kPa, air density 1.208 kg/m 3 and absolute humidity, 0.022 kg/m 3 from these data, the specific humidity as well as k H were computed using excel spreadsheet.
Result and discussion
Engine performance
At the test speed of 1,800 rpm, 2,500 rpm and 3,500 rpm corresponding to 45, 65 and 90% rated speed respectively, the biodiesels experiences varying degree of torque losses in comparison to the petroleum diesel. The losses were observed to increase with decreasing speed. On the average, the loss ranges were between 6-9%. These loss of power when biodiesel substitute petroleum diesel is consistent with result obtained in previous studies (Utlu and Kocak, 2008; Ozgunay et al., 2007) . The BTE verses load relationship for the sample is shown in Figure 2 . The difference between petroleum diesel BTE and the biodiesel BTE ranges between 2-5% at peak load with instance of some biodiesel (JA100) performing better than diesel at idle load by a margin of 4%.
The BTE for MO100 gave consistently lower values in comparison to other samples for the entire load spectrum. BTE as a measure of how efficient the heat release rate and conversion takes place in the engine, depends on the heating value, transport properties, combustion efficiency and ignition properties of the fuel samples. Petroleum diesel has a higher heating value than biodiesels, its density and viscosity is lower, hence it has a better transport property. Biodiesels on the other hand, because of the oxygenated nature of their molecules and higher cetane values, have better combustion efficiency and ignition properties. Amongst the biodiesel samples, JA100 and WO100 have higher proportion of saturated fatty acid methyl ester (FAME), as a result, their cetane values and ignition properties are higher than those of MO100. At idle speed, cetane value, ignition properties and combustion efficiencies plays key roles in BTE value. These factors are responsible for the performance of JA100 and WO100 at idle speed. As the engine picks up speed and increases its load, a more steady combustion phase is reached where the advantage of higher heating value and transport properties began to reflect on the BTE data for petroleum diesel. The high proportion of unsaturated FAME in MO100 makes it less reactive, leading to a consistently low BTE. These observations are consistent with earlier findings (Lin et al., 2009; Ghobadian et al., 2009; Qi et al., 2009) . The brake specific fuel consumption (BSFC) data shows a decreasing fuel consumption as engine load increases (see Figure 3) . The degree of reductions were between 81-72% with WO100 having the largest reduction and petroleum diesel, the least. The average BSFC across the load spectrum for WO100, petroleum diesel, MO100 and JA100 were 300, 250, 182 and 180 g/kWh respectively. Low average BSFC and fluctuation have significantly positive impact on the running and maintenance cost of engines. Where BTE differences are marginal, lower BSFC are always preferred. From these results, it is clear that the engine scale and JA100 ignition properties have had the combine effect of high BTE at low BSFC. It is generally expected that given the lower heating value for biodiesel, BSFC for biodiesel should be higher than that of petroleum diesel. This has been widely reported by some authors (Ozsezen et al., 2009; Karabektas, 2009; Choi and Oh, 2006) . More specifically, Armas et al. (2010) observed that BSFC of B100 biodiesel which had LHV 12.5% lower than diesel increased approximately 12% on a 2.5 L DI and TU, common rail diesel engine operated at 2,400 rpm and 64 Nm. Lin et al. (2009) observed a similar trend for a water cooled, four strokes DI engine. A point to note is that most of these engines are large unit either TU with multiple Cylinder and higher unit efficiencies. But it is also not uncommon to find situation where BSFC for biodiesel is lower than that of diesel (Ozgunay et al., 2007; Reyes and Sepulveda, 2006; Ulusoy et al., 2004; Song and Zhang, 2008) . Some authors reported no significant difference (Dorado et al., 2003; Sahoo et al., 2007) . This shows that beyond fuel chemistry, engine type, technology and operating condition plays some role in the determination of performance were difference in fuel composition is marginal. EGT plot against the load is shown in Figure 4 . The EGT increases with increasing load. Petroleum diesel showed a slightly higher EGT output in all the loading profile regime. This is clearly attributed to it higher heating value in comparative terms. The difference between it and MO100 being slightly less than those of WO100 and JA100 apparently because only MO100 exceeded petroleum diesel in BSFC trend. This is an indication that the mechanism of heat release rate in a well primed engine operating at optimal load condition greatly depend on heat content and fuel flow rate. Figure 5 shows the emission trend (in ppm) of NO x against load for the biodiesels and petroleum diesel. The result is mixed as there were no marked difference between the biodiesels and petroleum diesel. But a plot of BSNO x against load showed a NO x emission trend for petroleum diesel exceeding those of the biodiesel in Figure 6 . This trend was observed with a high margin at idle to low load but the margin reduce progressively as the loading profile approaches it peak value. The under lining fact glean from previous work and information observed in this work point to the fact that biodiesel NO x emission pattern is more precisely govern by the process described by the Zeldvich mechanism. Figure 7 makes this fact clear, it shows data of maximum EGT, air/fuel ratio compared in the NO x emission in ppm for the biodiesel and petroleum diesel. A strong correlation is observed between EGT and air/fuel ratio leading to high NO x emission. It also showed that while high oxygen concentration is important for this process. High temperature is the main trigger for the process, the reason for this is fairly obvious, the first reaction in the Zeldovich mechanism require high activation energy to break the triple bond of N 2 gas for the mechanism to commence, inferring that even in the presence of large oxygen molecule, if there is no sufficient energy (high combustion temperature which correlate to high EGT), high NO x emission will not manifest even for biodiesel, as seen in this work. In Figure 7 , JA100 highest EGT at 350°C was not sufficient to trigger the highest NO x because its excess air was the least at 12.5%. Petroleum diesel on the other hand satisfied the necessary condition of high temperature (325°C) as well as the sufficient condition of high excess air (49%). This fact has been established in a validated numerical work to compute NO x emission using Zeldovich mechanism (Liviu-Constantin and Daniela-Elena, 2010). The study concluded, amongst other, that nitric oxide formation is determine by only five chemical species (O, H, OH, N and O 2 ) and not exclusively by the primary fuel chemistry, that the formation process of NO x starts by the thermal decomposition of the stable triple bond of N 2 at a considerably high temperature and as a result, a partial equilibrium of the first two reactions can be assumed. Based on these assumptions, their work produced a much stronger correlation with experimental data than those predicted by wave 5 code produced by Ricardo. It is worth mentioning that owing to the water tolerant nature of the biodiesel used in this study which allow for a water content of between 2-4%, the combustion temperature was tamed below (for the most part) the NO x formation threshold of 1650 K, making it possible to achieve lower BSNO x . All the biodiesel fuel samples were able to meet both the EPA and EU BSNO x emission caps of 9.3 g/kWh and 9.2 g/kWh respectively at all loading condition (EPA, 2004; European Commission, 2003) .
Oxide of nitrogen (NO x ) emission
Carbon monoxide (CO) emission
Carbon (II) oxide emissions in percentages across load profile are shown in Figure 8 . CO emissions in JA100 were too small to be observed. The plot showed a slightly tilted bathtub curve for all the fuel samples where idle load (corresponding to low temperature) gave higher CO emission with petroleum diesel recording a 0.035% CO emission (5.7% and 28.5% higher than MO100 and WO100 sample respectively). This emission reduced to 0.02% at 80% load (with a slightly lower marginal difference between it and the rest of the samples) and recorded a small increase at peak load. A different picture emerges when the emission is computed in brake specific format as shown in Figure 9 . Brake specific CO (BSCO) plotted against load revealed a rapid decline from a high of 120 g/kWh at idle load to 7 g/kWh at peak load for petroleum diesel. The trends in MO100 and WO100 showed similar decline, but with lower values than petroleum diesel. At all loading condition, CO emission for petroleum diesel exceeded those of the biodiesel samples. It is normal to see a reduction in CO emission when biodiesel replaces petroleum diesel as fuel in a diesel engine (Aydin and Bayindir, 2010; Hazar, 2009; Ozsezen et al., 2009) . WO 100 MO 100 petro-diesel CO emission when measured in specific terms, gives high value at low to medium load condition. From the data obtained, the samples failed the EPA and EC emission caps as shown (European Commission, 2003; EPA, 2004) . Biodiesel emit less CO at medium to elevated engine operating condition primarily because of its oxygenated nature, higher cetane value and the resulting higher combustion efficiency of the fuel and, existing literature support this conclusions (Ramadhas et al., 2005; Tsolakisa et al., 2007; Nabi et al., 2009) . A more significant observation made in this work is the effect of temperature on CO emission for biodiesel on the one hand and diesel on the other hand. Figure 10 shows that at low temperature CO emission of biodiesel exceeds those of petroleum diesel but as the temperature increases, the reverse was the case. CO emission increases with increasing temperature for petroleum diesel and reduced for biodiesel. For biodiesel, this trend is as a result of viscosity of the fuel. At low temperature, high viscosity impede fuel spray droplet formation, atomisation, air/fuel mixing, delay evaporation and ignition, thus, leading to incomplete combustion. But as the temperature increases, these processes improve and a more complete combustion scenario ensue leading to a reduction in CO emission. In petroleum diesel, CO emission is observed to increase with increasing temperature because beyond peak temperature, post flame, the concentration of CO determine by equilibrium is different from those of the rate controlled CO concentration. The frozen CO concentration caused by gas dissociation does not recombined fast enough to bring the level to equilibrium state (Keck, 1970) . Hence, the higher the temperature, the higher the frozen CO concentration. This process is tamed in biodiesel because the equilibrium concentration of CO in biodiesel combustion, post flame, is lower than that of petroleum diesel combustion owing to the oxygenated nature of the former.
Relation between other emission and EGT.
Unburnt hydrocarbon (UHC) and PM constitute some of the emissions from diesel engine that poses danger to the environment. In this study, UHC for all the biodiesel test samples were lower than those of normal diesel at all loading condition. The only exception was MO100 between the load ranges of 20-40% where an UHC emission of 0.04-0.03 g/kWh, exceeded those of petroleum diesel by about 25%. These low loads coincide with low combustion temperature. This confirms the fact that incomplete combustion always produces CO, UHC and PM simultaneously in biodiesels. And MO100 low reactivity because of its higher proportion of unsaturated FAME results in incomplete combustion. But generally, the result showed a reduction of UHC for the biodiesel samples of between 50-80% when compared with petroleum diesel. The peak values (which coincides with low temperature) for the biodiesel were between 0.015-0.025 g/kWh, but for petroleum diesel, was 0.03 g/kWh. And the lowest point for the biodiesel was between 0.005-0.01 g/kWh, coinciding with high temperature. But for petroleum diesel a combination of high temperature and richer fuel/air mix led only to a marginal drop in UHC to a low of 0.02 g/kWh. Hence for biodiesel, UHC decreases with increasing temperature but for normal diesel, it was observed that increasing temperature coincides with increasing fuel/air ratio (rich mix which increases the tendency for incomplete combustion because of thermal as well as charge stratification). Therefore, UHC emission reduction is only marginal. This is consistent with findings from other studies (Murillo et al., 2007) .
Conclusions
The performance, NO x and CO emission for 100% biodiesel derived from Moringa, Jatropha and waste restaurant oil were evaluated in comparison to those of petroleum diesel. The following conclusions are drawn:
1 Where high ambient temperature subsist, flow properties of biodiesel (especially biodiesels with higher proportion of saturated FAME like JA100) produces higher combustion efficiency at low combustion temperature and results in a BTE that is slightly better than that of petroleum diesel at idle load and, a close value at peak load.
2 Petroleum diesel's advantage of low BSFC at high to peak load as result of its higher heating value and better transport properties was well matched with biodiesel's better combustion efficiency, higher cetane value, and good reactivity (because of biodiesel's oxygenated nature) resulting in lower average BSFC across load spectrum for the biodiesel. This is an important advantage for biodiesel in a multi-scale load condition such as vehicle transportation provided; the application is in a warm ambient condition.
3 Oxides of nitrogen (NO x ) emission are primarily temperature dependant regardless of fuel type. The susceptibility of biodiesel to emit high NO x at high temperature (owing to their oxygenated nature) can be curtailed through low temperature combustion (LTC) by utilising the water tolerant nature of biodiesel, as seen in this study, to keep combustion temperature under control.
4 High CO emission in biodiesel at idle load is associated with low temperature. At low temperature, the flow properties of the biodiesel deteriorate. CO emission strongly correlates with UHC and PM emissions. It was also a good indicator of combustion efficiency. It could therefore be concluded that mitigation strategies for CO emissions could potentially fix several challenges associated with biodiesel. For petroleum diesel, high CO emission at high to peak load condition is associated with thermal as well as charge stratification. Therefore, engine retrofitting holds the key to its remediation.
5 The use of distilled gasoline as solvent for biodiesel oil extraction holds significant potential and, should be further explored.
